Abstract Following high-profile government and industry studies, electric aircraft propulsion has emerged as an important research topic. This article surveys the scholarly and business literature on fixed-wing aircraft propelled in whole or in part by electricity. This includes all-electric, hybrid electric, and turboelectric architectures. We introduce a classification of electric aircraft, technology factors, and performance parameters. Next, we present an overview of electrical components and electric propulsion architectures. We survey existing commercial products, prototypes, demonstrators, and conceptual studies, and develop a list of potential benefits and disadvantages of electric propulsion with estimates of potential benefit. We present an introduction to power electronics, electric machines, and batteries for aircraft designers, and explore the emerging problem of aircraft thermal management. We review modeling, simulation, and multidisciplinary optimization capabilities, and identify current shortcomings. We conclude that the electric aircraft design problem introduces new coupling between previously distinct disciplines, such as aerodynamics and propulsion, which may only become apparent with high-fidelity, physics-based analysis. High-fidelity multidisciplinary design analysis and optimization of electric aircraft, including safety and economic analysis, remains an open challenge.
Nomenclature
C L = coefficient of lift E = energy e = specific energy EIS = entry into service EP = electric propulsion g = gravitational constant H = degree of hybridization L/D = lift-to-drag ratio P = power p = specific power R = range η = efficiency Subscripts b = battery bus = electrical bus e = electrical E = energy f = fuel g = generator i = inverter int = integration m = motor max = maximum p = propulsive P = power r = rectifier TO = takeoff tot = total
Introduction
In the last decade, aircraft concepts using electricity for some or all of their propulsive power have captured the public imagination and garnered great attention in the popular press. Several start-up ventures have formed to commercialize aircraft electric propulsion (EP). The engineering literature has also quickly adopted the trend. From 2006 to 2009, there was about one paper per year on electric and hybrid electric aircraft design and analysis. From 2015 to present, the volume of similar papers has increased to nearly 20 per year. The largest factor motivating public interest in electrification is the need to reduce environmental impact. NASA's Subsonic Fixed Wing program established aggressive goals for energy consumption, nitrogen oxides (NO x ), and noise for three generations of airplanes extending out to the 2030s [1, 2] . These goals have been revised as recently as 2013, following a productive round of conceptual design studies by industry and academia, and evolution in commercial aviation product offerings [1] .
The most aggressive performance targets are for the "N+3" generation with projected entry-into-service dates in the mid-2030s: −55 dB noise at the airport boundary, −75% NO x , and −70% fuel burn relative to 2006-era technology. The International Civil Aviation Organization (ICAO) has established certification standards for noise and NO x in the 2020s [3] and a voluntary carbon offset scheme aiming to hold overall sector carbon emissions at 2020 levels [4] . NASA-funded study results (discussed in Section 3) indicate that electrification can improve performance on carbon, noise, and NO x , enabling the civil aviation fleet to meet N+3 goals [2] .
The economic case for electrification can be divided into two parts: first, reduced operating costs compared to conventional aircraft on existing missions; and second, completely new capabilities that may open new and lucrative markets. Reduced operating costs can be achieved through replacement of jet fuel with electricity, through a reduction in total energy consumption, or through reduced maintenance costs. Figure 1 shows that jet fuel has generally been more expensive than electricity over the last 10 years, although in the more recent past the gap has been less pronounced.
Electrification may also enable concepts of operations that are not currently served with conventional aircraft propulsion architectures. Electric vertical takeoff and landing (e-VTOL) concepts have been launched by numerous start-up and mature firms worldwide, including VoloCopter, Ehang, Zee Aero, Joby Aviation, and Airbus. Technology and transportation firm Uber released the "Elevate" white paper in 2016, arguing that a sizable market exists for point-to-point urban air mobility, catalyzing activity in this new segment [7] . For noise and cost reasons, e-VTOL proponents argue that traditional helicopters are not a suitable architecture for this application. This review focuses on fixed-wing aircraft and leaves the rapidly-evolving e-VTOL segment to other industry watchers.
There are several published survey articles providing partial coverage of the fixed-wing aircraft EP field. Thomson et al. [7] provide a particularly broad and readable, though non-technical, summary of aviation electrification from a business perspective. Hepperle [8] presents an overview of EP architectures and some basic sensitivity analyses based on the Breguet range equation. Pornet [9] covers practical conceptual design considerations of hybrid electric passenger aircraft using lower-order sizing methods and graphical methods, but is missing coverage of higher-fidelity optimization tools and a comprehensive survey of design studies and demonstrator programs. A U.S. National Academy of Engineering (NAE) subcommittee published a study report evaluating underlying EP technologies and making recommendations on high-level research priorities [10] . Several other reviews cover aircraft EP as a sidebar to another primary topic. Gohardani et al. [11] review distributed propulsion with an extended discussion of EP; Gohardani [12] later updated and expanded the review. Sarlioglu and Morris [13] present an excellent review of more-electric aircraft systems that includes a sidebar on propulsion. Perullo and Mavris [14] focus only on higher-fidelity modeling of energy management in hybrid configurations; Wall and Meyer [15] likewise focus only on hybrid electric. In spite of all the work cited above, there is a need for a review article that provides an entry point to the field of EP for aircraft designers, modelers, and technologists, who are versed in aircraft design principles but do not necessarily have an electrical background. We address this need by providing an up-to-date review that covers EP fundamentals, concepts and demonstrators, technologies, practical design trades, and simulation capabilities.
Aircraft Electric Propulsion Fundamentals

Classification
Aircraft can be categorized based on the degree of hybridization of their power and energy sources. The definition of hybridization with respect to power and energy is developed in [16] , namely:
By convention, hybridization is usually given with respect to electric motor power and battery energy (P m and E b ), though in principle the same method of analysis could be used for other sources, such as hydrogen. Conventional aircraft use no electric power or electric energy for propulsion (H P = 0, H E = 0). On the other end of the spectrum, all-electric aircraft ( Figure 2a ) use exclusively electrical energy and power for propulsion (H P = 1, H E = 1). Some authors prefer the term universally-electric. Hybrid electric aircraft rely on a mix of fuel and electrical energy storage and propulsive power (H P > 0, 0 < H E < 1). Finally, turboelectric aircraft ( Figure 2b ) use combustable fuel for energy storage but electrical power transmission instead of mechanical power to drive the propulsor(s) (H P > 0, H E = 0).
Hybrid electric configurations are broadly similar to hybrid automobiles but have some important distinctions. Non-plug-in hybrids like the Toyota Prius generate electrical power only through regenerative braking. For transport-class aircraft, regenerating power during descent is less efficient than using a nonregenerative continuous descent trajectory [17, 18] . Proposed hybrid aircraft concepts operate more like the plug-in hybrid Chevrolet Volt, where electricity from grid power may be used for short trips and fuel is used as a range extender. Turboelectric designs are simply hybrids without batteries.
Hybrid electric architectures can be further divided into parallel and series hybrids. Series hybrid designs (Figure 2c ) generate electrical power using a combustion engine and deliver both battery and fuel energy to the propulsor via electrical buses (H P = 1, 0 < H E < 1). Parallel hybrid architectures (Figure 2d ) deliver combustion power to the propulsor mechanically (H P < 1, 0 < H E < 1). The combustion engine may operate continuously and use electrical power to reduce fuel flow [17] , or the engine may disconnect via a clutch to enable full-electric operation during some portion of the flight envelope [19] .
Key Technological Parameters
When evaluating the feasibility of aircraft EP today, the two most important technological parameters are (arguably) specific energy (energy per unit mass of energy storage) and specific power (power of a component per unit mass). Specific energy is especially applicable to batteries, while specific power is especially relevant for electric motors, power conversion electronics, and energy storage devices. There does not seem to be a consensus in the literature on how to abbreviate specific energy and specific power symbolically. Like [20] , we adopt the convention of fluid dynamics, representing specific quantities as the lowercase of the extensive quantity: battery specific energy as e b , fuel specific energy as e f , motor specific power as p m , and so on. By convention, e b is tabulated in units of Whr/kg, specific power in units of kW or MW/kg, and heat values (e f ) of fuel in MJ/kg. Throughout this article, we convert Joule units into Whr units for specific energy comparisons.
The most fundamental challenge facing aircraft EP is that batteries have on the order of 50 times lower specific energy than liquid fuels. For Jet-A, e f = 11900 Whr/kg, while lithium-ion batteries are in the range of e b = 200 Whr/kg. [21] . The critical impact of specific energy is illustrated through Breguet range equations. For consumable fuels, we can write
where L/D is the lift-to-drag ratio, η p is the propulsive efficiency, η int is the efficiency due to propulsion integration losses, η eng is the engine thermal efficiency, e f is the fuel specific energy, and m f /m T O is the ratio of fuel weight to takeoff gross weight. For battery-powered aircraft, a different version of the Breguet range equation can be derived as in [8, 22] 
where η e is the total efficiency stackup of the electric propulsion system, e b is the battery specific energy, and m b /m T O is the ratio of battery weight to takeoff gross weight. These equations differ due to the decrease in fuel mass (and therefore, induced drag) during a mission for fuel-powered aircraft.
We can see that for both fuel-burning and battery-powered configurations, range is directly proportional to specific energy (e b , e f ). At state of the art (SOA) specific energies, concepts with significant H E will have very small useful ranges or very poor payload fractions. For a realistic set of mission requirements (including a given design range), low e b leads to dramatically heavier takeoff gross weight (TOGW) and higher total energy consumption. The effect of specific energy is mission-, scale-, and platform-dependent, but sensitivities obtained for particular concepts can be found in [23, 24, 25, 26] . Since e b is important to other industries (such as automotive and consumer electronics), academic and industrial research in higher-specific-energy batteries is ongoing. For aviation, advanced concept studies require an estimate of battery technology available near the first-flight date. Projecting future battery technology is outside the scope of this article, but study authors are assuming e b on the order of 400-1000 Whr/kg for advanced concepts, depending on the time frame (e.g., [21, 27] ). Individual e b assumptions for specific studies are tabulated in 4. The SOA of energy storage technologies, including alternative battery chemistries, is discussed in [21] . The NAE committee report [10] projected that e b will reach 400-600 Whr/kg by 2035.
Volumetric energy density is a related consideration for energy storage devices. Jet fuel is Pareto optimal in e f and volumetric energy density. While compressed hydrogen has very high e f , its volumetric density is extremely low. Lithium-ion batteries have much lower volumetric energy density than jet fuel, but the performance gap is narrower than for e b [8] .
Specific power of electrical devices (p e ), including motors/generators and power conversion, is another key technological parameter in the design problem [27] . Since no single number captures the full operational envelope of an electrical device, the power considered in this metric could be rated power, maximum power, or design power. Electric motors are often rated for short-term burst power, which is usually substantially higher than the maximum continuous power; the analogous rating for a turbofan is takeoff thrust and maximum continuous thrust, respectively. Unless otherwise specified, motor specific power (p m ) values listed in this article refer to short-term burst power.
In all-electric and series hybrid architectures, electrical power systems must be rated for the entire propulsive power of the airplane. If p e is too low, the airplane will be too heavy, possibly resulting in increased fuel burn compared to a conventional design. The electrical system weight appears as the empty weight component of m T O in the range equations (4) and negatively impacts range.
Like turbines, fuel cells convert liquid fuel to power [8] . Fuel cells do so with high efficiency, but their poor specific power makes them uncompetitive with batteries or turbogenerators except in niche applications where hydrogen is available and low thermal signature is paramount [21] .
Specific power of batteries p b can be an important constraint on the design problem. Certain portions of the flight envelope, such as takeoff, may require substantially more power than cruise. Batteries must be capable of discharging quickly enough to meet this demand over the duration of the maneuver; unfortunately, high p b strictly trades off with e b [28] . See Section 5.2 for a more detailed discussion of battery characteristics and design trades.
Due to the speculative nature of projecting the performance of future technologies, researchers should adopt the practice of calculating the sensitivity of designs with respect to both specific power and specific energy (for example, [29] ). This enables a fair comparison between competing concepts and makes exposure to technological risk more transparent.
The efficiency of electrical components is a third key technological factor. The overall electrical efficiency for a direct current (DC) turboelectric configuration can be written as,
where η g/r/bus/i are the efficiencies of the generator, rectifier, bus, and inverter, and η m is the motor efficiency.
We define these components in more detail in Section 5. All-electric and parallel hybrid designs do not require a generator or rectifier. Using an AC architecture eliminates the rectifier and inverter. Multiplied together, the electrical efficiencies are analogous to the thermal efficiency of a combustion engine. The propulsive efficiency η p is considered separately. [20] provides a good discussion of electrical component efficiency stackups and power constraints for a series hybrid aircraft. Unlike specific energy, efficiencies are bounded at 1 and are already relatively large, so the influence on aircraft range is not as strong as that of e and p. The larger problem comes from thermal management of waste heat inside the aircraft. If we assume that all electrical inefficiency results in resistive heating, improving η e from 97% to 99% results in 2% higher range but a 67% reduction in waste heat. Efficiencies of specific types of power electronics are addressed in Section 5 and thermal management systems in Section 6.
Overall efficiency presents a theoretical advantage of all-electric aircraft over combustion engines and turboelectric designs. The GE9X engine's 60:1 pressure ratio equates to an ideal thermal efficiency of nearly 70%, whereas electrical component efficiencies near 100% are already within reach [30, 31] . At current technology levels, the induced drag penalty from carrying heavy batteries outweighs the total energy advantage gained from eliminating the thermodynamic cycle for long-range missions.
Performance Metrics
The literature contains a wide array of metrics used to assess the "goodness" of electric propulsion concepts and serve as objectives for optimization. Some examples of appropriate objectives are as follows:
Fuel burn is the most common metric since it contributes to both operating costs and CO 2 emissions. Fuel burn is often normalized by mission range and seat count or cargo weight.
Total energy combines fuel burn with energy sourced from batteries.
CO 2 emissions depend on the amount and type of energy used during the mission as well as on how electricity was generated. This introduces a location-dependence to the problem, as certain regions may generate grid power using more or less carbon-intensive methods.
Operating cost may be defined in several ways. Cash operating cost (COC) measures the variable flight costs including fuel, maintenance, and crew salaries. Direct operating cost (DOC) includes COC and the cost of ownership, which is generally proportional to the cost to purchase the airplane [32] .
Cost per available seat mile/kilometer (CASM/CASK) normalizes operating cost by the number of passenger seats available and range. CASM is an important cost metric for commercial airlines. Alternatively, trip cost does not normalize by seats.
Takeoff gross weight (TOGW) is a suitable proxy for the cost to build/purchase an aircraft in the absence of better cost estimates.
Specific air range (SAR) formulations are preferred by some authors [33] . SAR measures the distance flown per mass of fuel (higher is better). Energy-specific air range (ESAR) normalizes by total energy (units of m/J). Cost-specific air range (COSAR) incorporates the cost of energy, which is important in hybrid systems (units of m/currency).
The most comprehensive measure of the economic goodness of an airplane is the total operating CASM/CASK. This metric responds to aerodynamic, propulsive, and electrical efficiency; specific energy and power; weight; system reliability and complexity; and the relative prices of fuels and electricity. Normalizing by seat count allows appropriate comparison of concepts at different sizes and scales.
Other performance parameters are closely watched, but typically are treated as constraints rather than objective functions, including design range (strongly influenced by e b ), takeoff (balanced) field length (mainly a function of takeoff thrust/power, TOGW, wing area, and high-lift performance), approach speed (mainly a function of maximum landing weight (MLW), wing area, and high-lift performance), noise (including community and interior noise), and nitrogen oxides (NO x ) emissions.
Products, Prototypes, and Concepts
At least 17 manned, electric, fixed-wing aircraft have flown since 2000, three of which are commercially available products. Two more technology demonstrators are reasonably expected to fly by 2020. There are also numerous industry-and government-funded advanced concept studies focused on higher technology and power levels. This section reviews most of the flight-tested electric aircraft and the well-developed studies. Table 3 lists noteworthy manned electric aircraft with first-flight dates since 2000. Table 4 lists major design studies by government, established industry firms, and start-ups. The National Academy report [10] includes a related table focusing on technology targets for batteries, motors, and generators. 
Commercial Products, Flight Test Vehicles, and Prototypes
The experimental history of electric aviation dates back to over a century ago, when Santos-Dumont devised an electric airship (see [34] for a nearly exhaustive list of early electric aircraft). In the 1980s and 1990s, very high aspect ratio solar aircraft demonstrations were pursued by NASA and others. This experimental heritage resulted in high-altitude long-endurance (HALE) or "pseudosatellite" systems such as the QinetiQ/Airbus Zephyr. Such aircraft are configured differently than manned electric aircraft and have distinct technical challenges. Even at low speeds and power levels, solar cells typically do not justify the additional weight and drag in manned applications [40] . The first manned, electric fixed wing aircraft was the Brditschka MB-E1, which flew for less than 10 minutes in 1973 [24] . Much more recently, several self-launching electric motor gliders have been offered for sale. The first to earn a type certificate was the Antares 20E [34] . Several lightweight prototypes by independent designers flew in the late 2000s, including the Electraflyer C, Yuneec 430, and an all-electric modified Cri-Cri [40] . Large industry firms then converted demonstrators from glider airframes, including the Boeing HK-36 fuel-cell demonstrator ( [36] ), series hybrid Diamond DA-36 E-Star ( [38, 43] ), and all-electric Pipistrel Taurus Electro ( [39] ).
The NASA/CAFE foundation Green Flight challenge in 2011 inspired three new experimental electric aircraft with extended range, including a four-seat variant of the Taurus Electro, Embry-Riddle Aeronautical University's parallel hybrid Eco-Eagle, and IFB Stuttgart's eGenius [34, 41, 40] . The culmination of these lightweight, manned demonstrators is the Pipistrel Alpha Electro, which is designed as a two-seat trainer aircraft and targeted at the U.S. Light Sport Aircraft category (although it is not yet certified in the U.S. at the time of this writing) [48] . The Alpha Electro is expected to cost dramatically less to operate than piston trainers and does not emit lead pollution from burning 100LL aviation fuel.
More recent demonstrators have focused on scaling up power to 100kW and above. Chip Yates set multiple speed and time-to-climb records in an all-electric Long EZ, followed by Siemens AG which installed 260kW of electrical power in an Extra 300 [42, 50] . The Siemens effort set specific power records for a flight-rated electric motor: 5.2 kW/kg including power conversion with a liquid thermal management system [50, 73] . While these aircraft set records for propulsive electrical power, the Boeing 787's electrical system generates over 1MW of electrical power using mechanical off-takes from turbine engines [74, 75] . To the author's knowledge, this is the highest-power electrical system flying on an aircraft today, though undisclosed military applications may generate even more power for mission systems such as radar and directed-energy weapons. Figure 3 shows the progression of tested and proposed manned electric demonstrators. There is a clear linear power/weight trend for battery and turboelectric demonstrators focused on maximum efficiency; most of them are based on similar motor glider airframes. NASA's upcoming X-57 Maxwell demonstrator falls neatly into the upper end of this trend. The outliers are the speed-optimized Yates and Siemens aircraft with much higher power-to-weight ratios.
In late 2017, Airbus, Rolls-Royce, and Siemens announced a partnership to build a hybrid electric flying testbed known as "E-Fan X". Built on a BAe-146 platform, the demonstrator will replace one of the four turbofan engines with a 2 MW electric motor. The demonstrator is intended to "explore the challenges of high-power propulsion systems, such as thermal effects, electric thrust management, altitude and dynamic effects on electric systems, and electromagnetic compatibility issues" and is targeted for first flight by 2020 [76] . The E-Fan X will be a turboelectric configuration, with electrical power supplied by a gas turbine and 2 MW generator in the aft section, a large battery pack in the cargo holds, or both. Siemens is aiming to achieve p m significantly higher than the Extra 330LE's 5.2 kW/kg [73] .
NASA is anticipated to flight test the X-57 Maxwell in 2018 and beyond; since there is a great deal of conceptual design work published in the literature, the program is discussed in more detail below.
Concepts and Studies
This section focuses on aircraft designs which have not yet flown and are not imminently expected to fly (except X-57). Conceptual design of aircraft larger than one to four seats started with NASA-funded industry studies beginning in the late 2000s. This resulted in two concepts which have been at least partly published.
The Boeing SUGAR (Subsonic Ultra-Green Aircraft) series of studies evaluated several evolutionary and revolutionary designs against NASA N+3 goals. This study is particularly valuable because it provides a fair comparison between a hybrid concept and turbofan concepts with equal technology and mission rules. All of the concepts were sized for 900 nm economic missions with 154 seats. The concepts were a tube-and- In Phase 1 of the study, SUGAR Volt was the only concept capable of meeting NASA's N+3 fuel burn goal of -70% (compared to the SUGAR Free baseline). The Volt used 28% less fuel than the conventionallypowered SUGAR High [77] . In Phase 2, hybrid electric propulsion was extended to the conventional tubeand-wing and HWB configurations, and similar fuel burn improvements were found (25%-46% better than conventional propulsion for the HWB; 33%-55% better for the tube-and-wing) [17] . A higher-fidelity model of the SUGAR Volt, including a refined hybrid electric/turbofan model from Georgia Tech, reduced the estimated hybrid electric fuel burn increment to between -10.9% and -21.7% depending on H P chosen. Higher H P was associated with higher total energy consumption but lower fuel burn in this trade study. The study included a detailed discussion of technology development risks, commercialization potential, and an agenda for future development of parallel hybrid technology [17] .
The second major series of industry studies on hybrid electric commercial transports was conducted by Empirical Systems Aerospace (ESAero). Two concepts were studied: a single-aisle commercial airplane (ECO-150) [78, 79, 80] and dual-use military/civilian transport [81] . Both concepts use a series turboelectric architecture, with 16 electric fans embedded in the wing. This configuration provides some blown lift and is claimed to be structurally efficient [67, 82] . The ECO-150 concept initially showed very large fuel burn reductions versus a current single-aisle benchmark (-44% conventional, -59% superconducting) [61] . A higherfidelity assessment in 2016 (designated ECO-150R) showed no fuel burn improvement [67] but acknowledged that the airplane could be resized for better fuel burn. Due to the large change in assessed fuel burn at the latest iteration, it does not seem that this study is fully converged yet.
NASA itself is actively researching four concepts at widely varying power scales. The best-developed of these is the Scalable Convergent Electric Propulsion Technology and Operations Research (SCEPTOR) project, which launched in 2014. This project is focusing on rapidly achieving ground and flight test demonstrations of higher power levels and distributed propulsion in a phased approach. SCEPTOR is closely related to a NASA propulsive concept known as LEAPtech (Leading Edge Asynchronous Propellers Technology), which introduces numerous small propellers across the leading edge of the wing [83] . The goal of LEAPtech is to reduce drag by increasing cruise wing loading of general aviation airplanes by 2.5 times. This is achieved by greatly increasing C Lmax through blown lift, avoiding the need for complex and heavy multi-element flap systems. This experiment was not successful in producing a dataset useful for quantitative comparison or validation of powered-lift distributed propulsion CFD results [84, 85] . An unexplained thrust and power consumption asymmetry at equal commanded RPM merits further investigation and highlights potential controls issues that will need to be addressed in flight demonstrators.
The manned flight test vehicle currently under development, known as the X-57 Maxwell, is a converted Tecnam P2006T airframe ( Figure 5 ). SCEPTOR Mod 2 involves replacing the Tecnam's combustion engines with electric motors, powered by lithium-ion battery packs stored in the fuselage [52, 86] . Mod 3 replaces the stock wing with a deliberately-undersized carbon fiber wing, with tip-mounted propulsive motors and dummy distributed-lift motor fairings. Mod 3 will have high wing loading (by design) and uncontrollable one-engine-inoperative yawing moments due to the location of the wingtip propulsors; safety considerations of this evolution are discussed by Papathakis et al. [53] and will restrict operations to a dry lakebed. Mod 4 adds the distributed propulsion motors in a configuration similar to the Mod 1 experiment. Mod 2 is scheduled to fly in 2018 following tests of a redesigned battery module [87] .
The largest electric transport aircraft design ever seriously studied is the N3-X turboelectric concept, which is similar in range and size to the Boeing 777. The N3-X is a hybrid wing body configuration with distributed turboelectric propulsion on the trailing edge, first derived from the NASA/Boeing CESTOL study in 2008 [88, 89] . Subsequently, the concept has been the focus of more detailed analysis and design revision by NASA [56, 29, 58, 59] , with refined weights [90] and noise and emissions [91] . Notably, the 2014 noise analysis required a major redesign of the aft body propulsion integration for noise. Rolls-Royce and the University of Strathclyde have collaborated on electrical system trades [57, 92, 93] and system safety analysis of high-power and superconducting electric aircraft [94, 95, 96] using the N3-X as a baseline. The N3-X relies on very advanced technology and claims -70% fuel burn reduction versus the 777-200 benchmark; the portion attributable to electric propulsion is closer to -20%, with much of the remainder a result of airframe and other technologies [56] . The concept will require on the order of 50 MW of power, which will certainly require superconducting electrical components and the associated cryogenic subsystem; thus, this concept introduces a large amount of technological risk and uncertainty and is envisioned for EIS in the 2040s. Jansen et al. review the individual technologies required to implement EP at such power levels, including soft magnetic materials fabrication, superconducting wires and electric machines, and insulators [27] . Because of the high technological barriers of the N3-X, NASA sought to develop a concept which would be feasible in the nearer term [27] . This resulted in a conceptual design study of a single-aisle turboelectric aircraft with an aft boundary layer propulsor (STARC-ABL) [54] . STARC-ABL adds a tailcone propulsor to a typical tube-and-wing single-aisle configuration with downsized, podded turbofans ( Figure 6 ). Unlike many proposed turboelectric architectures, the STARC-ABL does not include a dedicated turbogenerator; the power for the electric propulsor is generated from the turbofans. The latest NASA assessment shows -9.4% fuel burn for the economic mission [55] , and Aurora Flight Sciences will be performing an external assessment of the concept.
The fourth and newest NASA electric propulsion concept is PEGASUS (Parallel Electric-Gas Architecture with Synergistic Utilization Scheme) [97] . PEGASUS is designed for 200-400 nmi missions currently flown by turboprops, such as the ATR-42. It includes two wingtip-mounted parallel hybrid turboprops, two mid-span electric motors with folding propellers, and an unducted tailcone pusher propeller. The tailcone propeller is claimed to benefit from ingesting the boundary layer of the aft fuselage. The concept includes a wingtip propeller in order to reduce downwash from presence of wingtip vortices (similar to the X-57's wingtip propellers), with an estimated propulsive efficiency improvement of around 18%. The study claimed a weight and total energy benefit compared to an ATR-42 with drop-in replacement parallel hybrid engines but, importantly, did not address whether there was a total energy savings compared to a conventional turboprop.
From 2011-2013, the European aviation community released three new advanced EP concepts, but they are not as widely published as the NASA-funded concepts. An Airbus-funded study for an all-electric regional airliner, known as the VOLTAIR, was widely publicized in popular media but apparently resulted in just one conference paper (with minimal design definition) [64, 65] . The bulbous configuration had an aft-mounted boundary layer ingestion propulsor and was designed for natural laminar flow over the wing.
The Distributed Electrical Aerospace Propulsion (DEAP) collaboration between Airbus, Rolls-Royce, and Cranfield University developed preliminary studies for high-temperature superconducting (HTS) turbo-electric propulsion [98, 99, 100] and a concept aircraft known as the Airbus E-Thrust [66] . The E-Thrust is a series hybrid regional passenger aircraft with multiple, embedded electric fans in a striking split-tail configuration.
A team at Bauhaus Luftfahrt developed the all-electric Ce-Liner concept: a regional aircraft with very advanced technology. The Ce-Liner uses a C-wing shape for high aerodynamic efficiency and HTS electronics. The Ce-Liner study uses perhaps the most aggressive technology assumption for future e b : 2000 Whr/kg [63, 62] . The conference paper by Isikveren et al. contains not only typical conceptual sizing data, but also detailed cabin layouts and ground handling considerations. Figure 7 illustrates demonstrated and projected battery specific energy (e b ) for both flight tested prototypes and advanced concept studies. SOA batteries fall far below the requirements for N+3 and N+4 advanced concepts. Boeing and Airbus use similar technology assumptions, while Bauhaus Luftfahrt has been using more aggressive assumptions. In 2017, the aviation community witnessed the public launch of several fixed-wing electric aircraft startup companies focusing on general aviation and Part 23 aircraft in the 1 MW power range:
Zunum Aero is developing a 12-passenger hybrid electric regional aircraft designed to Part 23 rules for early 2020s EIS [72] . The company is funded by Boeing and JetBlue.
Wright Electric is attempting to commercialize the ESAero ECO-150 concept for short-haul all-electric operation, in partnership with the airline EasyJet.
Eviation is an Israel-based firm developing the "Alice" nine-passenger concept. The Alice uses two wingtipmounted pusher propellers and a tailcone propeller (some boundary-layer ingestion is claimed). [68] .
Ampaire is an early-stage startup promoting the "Tailwind" concept, featuring an aft boundary layer ingesting propulsor similar to the STARC-ABL in an all-electric and series hybrid configuration [71] . Ampaire is likely to begin with an all-electric retrofit of an existing small passenger or cargo airplane with a range of about 100 miles [101] .
XTI Aircraft has taken more than 60 orders for the Tri-Fan series hybrid VTOL aircraft. The design features three ducted electric fans, two of which rotate 90 degrees to transition from vertical to horizontal flight [70] .
Several academic authors have conducted one-off studies on general aviation and commuter aircraft, including [102, 103, 104, 105] . Others focused on small UAS, such as the early work at the Air Force Institute of Technology by Harmon et al. [106, 107, 19] and one study of a UAS propulsion subsystem by Merical et al. [108] . In general, these studies do not rely on technology as advanced as the large commercial transport studies.
Airplane-Level Effects of Electrification
Even assuming substantial improvements in e b and p m , electrification is likely to add substantial amounts of weight compared to conventional aircraft. Until weight parity with jet fuel and turbomachinery is reached, EP will need to "buy" its way onto each configuration based on the sum of airplane-level benefits and disadvantages. This section reviews some of the claimed benefits enabled by electrification and contrasts them with the known risks.
Direct Electrification Effects
Hybrid and all-electric aircraft can claim benefits directly by replacing fuel with electricity on shorter missions (see the Breguet range relations in Section 2). As e b grows, a larger share of economic missions can be flown on electric energy. If electricity is cheaper than jet fuel on a per-unit-energy basis, then this may result in an operating cost savings. Depending on the source of electricity, carbon emissions reductions may also result. This requires a detailed understanding of generator fuels, transmission/grid losses, and lifecycle analysis of battery production and disposal. If renewable electricity generation is assumed, carbon emissions reduction is a clear benefit of EP.
All-electric aircraft also have a theoretical efficiency advantage by eliminating a thermodynamic cycle (see Section 2). If superconducting wires and power electronics are used, the electrical efficiency fraction may be very close to 1. This theoretical advantage is negated somewhat if battery energy is generated using conventional power plant turbines (which also experience thermodynamic losses). The efficiency advantage may still be meaningful even if grid power is generated using non-renewable means, since land-based steam turbines have higher thermal efficiency than aviation turbines.
Readers of electric propulsion studies must carefully examine energy accounting to ensure that claimed emissions, efficiency, or total energy benefits are actually fair comparisons. For example, full-electric aircraft efficiency is often overstated by neglecting losses during grid power generation, while conventional aircraft understate carbon emissions by neglecting contributions due to petroleum processing.
Replacing turbine engines and fuel systems with electric motors and batteries may reduce the maintenance cost of all-electric aircraft. An assumption seems to exist that electric motors will cost less to maintain than turbofans of equal power/thrust, but this does not seem to be backed by published, quantitative study. [109] examines the sensitivity of N3-X economics to maintenance cost and concludes that uncertainty in maintenance cost is an acceptable risk. Demonstrator programs should be structured in order to gather useful reliability and maintainability data alongside performance data.
Propulsion Effects
In turbine engines, the rotation speed of the fan or propeller is coupled to the speed of the turbine. For DC architectures, the fan and turbine speeds are decoupled, enabling both to be operated at their ideal point [80] . Turboelectric and series hybrid architectures capture all of the benefit of a geared turbofan engine (GTF) through reduced fan speed, with an additional efficiency benefit from shaft speed decoupling. Electric propulsion also may enable higher bypass ratio (BPR) by decoupling the number of fans from the number of engines. The combined effect of speed decoupling and bypass ratio is estimated at 4%-8% of η p for a transport-category turboelectric aircraft [110] . This effect does not necessarily require distributed propulsion.
Boundary layer ingestion (BLI) increases propulsive efficiency by ingesting slower air from the fuselage or wing boundary layer. Suction from the fan inlet changes the pressure distribution upstream, and fan outflow energizes the wake, causing some controversy as to whether BLI should be accounted as a drag decrement or a η p increment [111, 10] . BLI benefit is proportional to the percentage of boundary layer flow captured at the fan inlet [54] .
While boundary layer ingestion is possible with conventional engines (such as the MIT/Aurora D-8 concept [112] ), the unique scaling properties of electric motors make BLI more feasible. Combustion engines generally pay a performance, weight, and efficiency penalty when scaled down in size, while electric motors scale mostly linearly [83] ; therefore, turbofan or turboprop aircraft tend to have as few engines as feasible. Electric motors are also physically smaller, making wingtip and tailcone installations feasible (as in the X-57 Maxwell and STARC-ABL). Since the boundary layer extends to a small, finite thickness past the wing or fuselage, numerous small electric fans may cover more of the wing and body and ingest a higher fraction of boundary layer flow than a few larger-diameter turbine propulsors.
Aerodynamic Effects
Electric motors enable new propulsion installation possibilities, resulting in potential aerodynamic benefits. There are three proposed aerodynamic benefits of distributed electric propulsion: installation drag reduction, high lift augmentation, and swirl cancellation. The overall benefit is unproven and will depend on the mission and configuration but is probably between 0 and 8% drag [110] .
Engine nacelles and pylons introduce propulsion installation drag, comprised of friction, interference, and wave drag. Along with nacelle and fan weight, propulsive aerodynamic drag serves as a practical limit on turbofan bypass ratio. Wick et al. [113] showed an 8% installed drag reduction by embedding distributed propulsors in the wing on a transonic military transport concept. Engine installations embedded in the fuselage surface may save wetted area equivalent to nearly half of a typical podded nacelle [112] . This benefit can be booked as a reduction in drag for fixed bypass ratio, or an increase in bypass ratio for fixed drag.
High lift augmentation through distributed propulsion reduces cruise drag by enabling higher wing loading (and therefore, lower wetted wing area and viscous drag). With higher overall C L , approach speed and takeoff field length constraints can be met with a smaller wing. The NASA LEAPtech wing concept and X-57 demonstrator are designed to test this idea; Stoll et al. [114] predict that cruise L/D of 20 can be achieved, compared to a baseline L/D of 11 through a 2.5-3x increase in wing loading [51] . The LEAPtech wing has been studied using CFD and is estimated to augment C L by 1.7 to 2.4 (in absolute terms) [115, 116, 117] ; however, a loss of power may result in a sudden stall [80] . In the U.S., transport category airplanes may not claim a powered lift benefit to stall speed (and thus, approach speed) for certification (14 CFR 25.103 and 25.125); a small credit in takeoff speeds may be claimed. There does not seem to be an equivalent regulatory obstacle for Part 23 commuter and general aviation aircraft to take advantage of powered lift.
Finally, wingtip propulsors have been proposed in order to take advantage of cancelling some swirl in the wingtip vortices, but are not as well studied as BLI and lift augmentation. Miranda and Brennan [118] published experimentally-validated low-fidelity results. The X-57 design study booked this benefit as a drag reduction estimated between 5% and 10% using low-fidelity methods and used Miranda and Brennan's findings (though not their code) for further analysis [117] . Eviation's Alice concept also uses wingtipmounted pusher propellers. The compactness of electric motors enables wingtip propulsion.
Sizing Effects
In addition to the wing loading increase possible with blown lift, EP may result in favorable control surface and engine sizing effects. The one-engine-inoperative (OEI) takeoff condition provides such an example. Multiengine aircraft must continue a takeoff at a minimum climb gradient after the loss of one engine. In conventional tube-and-wing aircraft, this results in oversized engines (to maintain minimum takeoff and climb thrust) and oversized vertical tails (to trim the large OEI yawing moment); thus, the OEI condition imposes weight, drag, and cost penalties on conventional designs.
Electric propulsion provides design freedom to eliminate these penalties. The N3-X concept studies have illustrated how power distribution architectures may prevent asymmetric loss of thrust following loss of a power source [57] . Furthermore, if one or more fans are lost, compensating motors on the same side may be throttled up to higher burst power to cancel out the yawing moment. Modern commercial airplane vertical tails may be sized by OEI yawing moments. Reduced thrust asymmetry through EP is likely to alleviate this constraint, leading to smaller vertical tails, lower weight, and lower drag [80, 25] ; however, in a tube-and-wing configuration, other constraints such as stability and crosswind landing are likely to limit the value of this benefit [25] . No studies have itemized this benefit separately from overall weight and L/D improvements.
Turbines in hybrid electric aircraft may be further downsized by using battery power during powerintensive phases of flight, and during normal operations and failure conditions. For example, a series hybrid may supplement takeoff and top-of-climb power with batteries, sizing the turbogenerators to a less critical condition [80] . Whenever turbomachinery is downsized, weight and cost reductions are sure to follow; if the size of podded engines is reduced, installation drag reductions may be achieved as well.
Turbine engines are subject to thrust and power lapse at altitude, rendering top-of-climb the engine sizing constraint in some cases [119] . Electric fans are not subject to power lapse with altitude when powered by batteries [51] . The STARC-ABL was able to reduce the thrust and size of its turbofans substantially using the improved thrust lapse characteristics of its electric tailcone propulsor, resulting in a virtuous cycle of lower weight and lower viscous drag [54] .
Weight Effects
The most apparent disadvantage of electric propulsion today is weight. Every electric aircraft study must account for the weight of energy storage, transmission, and follow-on structural growth.
The direct TOGW penalty due to energy storage is inversely proportional to e b and linear with range. TOGW growth is especially pronounced at long range. Since batteries do not lose mass during flight, they carry a "hidden" weight and induced drag penalty compared to fuels. It is difficult to overcome the weight penalty on longer missions with all-electric or significantly hybridized designs with today's technology; the current frontier is 244 nmi range (for the Pipistrel Taurus G4 and eGenius) [40] .
Electronic, propulsive, and thermal management components affect empty weight directly. This may be a benefit or penalty depending on the systems architecture, mission, configuration, and technology level. For example, the STARC-ABL claims a net propulsive weight decrease due to synergistic propulsive efficiency and turbofan sizing benefits [54] . The XTI Tri-Fan switched from a triple turboshaft design to a series hybrid electric architecture and booked a 37% gross weight reduction [120] . At the opposite extreme, the ECO-150R propulsion system is one-third of the overall empty weight [67] -about three times heavier than the 10.5% engine empty weight fraction of a 737-900ER or 777-300ER. Distributed propulsion may allow fan structural weight reduction by reducing tip speeds, and by relaxing bird strike requirements through redundancy [57] ; on the other hand, BLI fans will need to be distortion-tolerant, which may add weight [112] . Distributed propulsion requires more aircraft structure to be reinforced against fan-blade loss (14 CFR 33.94), which will add weight.
Energy storage, electronic, and TMS weight also affect structural weight. For example, lower e b leads to heavier batteries and higher rated maximum takeoff weight. This increases structural loads, structural gauge weight, and empty weight and reduces range in a vicious cycle. This cycle effectively prohibits long-range, manned, all-electric flights at today's technology levels.
System Safety Effects
Electric propulsion presents new and unknown challenges for airplane designers and safety engineers, but also exciting opportunities to eliminate known risks. All-electric aircraft substitute the hazard of flammable jet fuel with the new hazard of lithium batteries (or some future chemistry). Aircraft manufacturers and regulatory agencies have long service experience with liquid fuels, and the resulting engineering controls (such as fuel tank inerting) are very well developed. Batteries are also a known aviation hazard but have much less service experience and fail in seemingly more complex modes.
The FAA has imposed special certification conditions on the use of rechargeable lithium-ion batteries in aircraft [121] . The primary hazard is thermal runaway, when rapid, self-sustaining increases in temperature and pressure occur in battery cells and may lead to an external fire. Toxic gases may also be released. Thermal runaway may result from overdischarging, overcharging, and internal short-circuits (see Section 5.2 for additional details on battery charge/discharge characteristics). Several lithium battery thermal events led to the grounding of the entire 787 fleet, and personal electronics lithium batteries carried in cargo are the suspected cause of multiple fatal air freighter accidents. A lithium battery module designed for the X-57 demonstrator required a major redesign following a failed thermal runaway during test, adding 45kg empty weight [87] . Thermal runaway was identified as one of two critical hazards for the X-57 program because of combined loss of power and potential structural damage [52] .
Crashworthiness is an area of potential benefit but high uncertainty. Liquid fuel, an obvious hazard following a crash, is replaced with battery modules. While no aircraft have faced survivable crashes with sizable lithium battery packs, electric automobiles will be a valuable source of data; automotive design practices for crash-tolerance of lithium batteries are reviewed in [122] . Much more data and testing will be required to refine the design of aerospace propulsion battery packs.
High-voltage electrical systems present another novel hazard in aircraft design. In-flight hazards include the release of energy through short circuits and arcing (see Section 5). At a minimum, this will result in degradation of propulsion system performance, and could lead to fire. High-voltage electrical systems also present a hazard to maintainers and ground handlers. This will likely be a similar hazard to aircraft hydraulic systems, which require special engineering controls and lockout/tagout procedures to avoid injury.
All-electric aircraft eliminate turbines and their associated high-energy bladed disks. The FAA treats turbine disk burst zones as special hazard areas and requires that certain flight-critical systems not be exposed; this introduces spatial integration constraints. Electric fans turn at much slower speeds, reducing the potential hazard from blade loss. Aircraft with distributed propulsion may be more tolerant to bird strikes and engine loss than SOA twin turbofan configurations [57] . Distributed fans provide more redundancy and could potentially continue providing thrust in the rare circumstances that have caused dual engine failures; however, embedded propulsors (as in the ECO-150) may expose primary wing structure or systems to highenergy blade impacts.
N3-X study collaborators Rolls-Royce and the University of Strathclyde produced conceptual safety analyses and trade studies of high-power EP systems; Armstrong et al. is the most general [57] . More detailed studies included fault tree analysis of loss of thrust [94, 96] and superconducting fault protection considerations [95, 123] . Specific hazards related to NASA's current electric demonstrator efforts are analyzed in [52, 53] .
In summary, electric propulsion potentially improves system safety during failure conditions and eliminates hazards associated with jet fuel, but introduces new hazards such as thermal runaway of battery packs. Methods to substantiate safety of EP systems, service experience from demonstrators, and design best practices will be crucial in reducing risk in this area.
Noise and Heat Signature Effects
Noise reduction is a widely claimed benefit of electric propulsion (e.g., [83, 124, 125, 46] ); unfortunately, the published literature does not include many quantitative noise predictions. One of the most relevant is a noise analysis of the SUGAR High (high-technology turbofan) and SUGAR Volt (parallel hybrid electric). The study found that SUGAR Volt was only about 1 EPNdB quieter than SUGAR High [17] ; however, both are relatively conventional configurations with podded engines. Moore and Fredericks note that the noise savings from electric propulsion are primarily due to an enlarged design space for propulsion integration, which enables more effective shielding than can be achieved with conventional engines [83] . SUGAR High and Volt do not use shielding in this way.
The original N3-X concept required an extensive redesign to meet noise goals, but it ultimately achieved a margin of 64 EPNdB compared to current Stage 4 community noise requirements [91] . Huff et al. [126] used empirical and low-fidelity methods and predicted that a 1 MW electric motor's contribution to external sound levels will be small compared to the noise of a low pressure ratio fan. Bryson et al. [127] describe the trade space between noise and range for a small, quiet UAV.
For military applications, reducing heat and noise emissions is desirable to avoid detection and improve survivability. Donateo et al. [128] describe a UAS with an electric-only mode to avoid generating a thermal signature.
Electrical System Architecture
In the past, electrical systems were a small portion of overall airplane weight, and engineers could afford to use rough empirical weight estimating relationships for conceptual design without making architectural decisions. Where an appreciable amount of electric thrust is produced, this is no longer the case. Electrical architecture choices will be strongly coupled with performance, weight, and flight safety. The key elements of an electric propulsion system include the following:
Energy storage: a battery (or alternative technology such as ultracapacitor or fuel cell) designed for high e b , p b , (dis)charge rate, and safety.
Generator: converts mechanical shaft power into alternating current (AC) electrical power
Rectifier: converts AC power to direct current (DC) electrical power Motor: converts AC or DC current to mechanical shaft power Inverter: converts DC electrical power to AC power. Can be used as a variable-frequency drive for AC motors.
Bus: an electrical conductor that transfers electrical power from source to destination
Motor controller: closely related to inverters, motor controllers use DC power to generate time-varying currents in the armature coils of brushless DC and switched-reluctance machines. Motor controllers respond to position or speed feedback from the motor and do not necessarily generate sinusoidal currents.
Fault current limiter: prevents large currents during short-circuit events (essentially a circuit breaker). For DC superconducting applications, superconducting fault current limiters (SFCLs) are used, which operate on different physical principles.
Electrical Machines and Power Conversion
Motors and generators (electrical machines) operate using the same general principles, and there are several types which may have advantages and disadvantages for flight applications. Electrical machines use the interaction between the magnetic fields of a rotating component (rotor ) and stationary component (stator ) to generate a mechanical torque. The main magnetic field in an electric machine may be constant or timevarying and can be generated using permanent magnets, soft magnetic materials (reluctance), passive field coils ("squirrel cage"), or active field coils (wound-rotor and doubly-fed machines). Typically, the main field is generated in the rotor [129] . When operated as a motor, windings in the stator generate a time-varying magnetic field and consume the large majority of the electrical power of the machine. Stator currents can be driven by a sinusoidal source (AC machines) or by arbitrary, actively-controlled waveforms (DC machines). AC machines typically operate in three phases, whereas DC machines may employ an arbitrary number of independently-controlled coils. In generator mode, the rotating main field induces a current in the stator coils.
Electrical machines can be further divided into synchronous and asynchronous machines. Synchronous machines generate power or torque when the magnetic field of the rotor is rotating at the same speed as the magnetic field of the stator. In asynchronous machines (such as squirrel cage induction machines), the rotor rotates at a slower speed than the stator field (slip). Some synchronous machines cannot start from rest because of the rotor's inertia, whereas all induction machines are self-starting. Variable-speed drives for AC motors solve the starting issue [129] . Table 5 summarizes proposed electric machines and their distinguishing features. Jansen et al. [27] summarize the state of the art of electric machines for flight applications, including efficiencies and specific power ratings. NASA expects machines in the 1 MW power class to achieve 13-16 kW/kg p m/g and 96-99% η m/g . The NAE report [10] envisions non-cryogenic generators with p g up to 9 kW/kg by the N+3 time frame. [130, 27] 3-phase AC Short-circuit coils (induced current electromagnet) None Self-starting, simple
Wound-rotor induction machine (WRIM) [131] 3-phase AC Winding connected to external load Simple Speed control, requires slip-ring AC synchronous machine [130, 27] 3-phase AC Permanent magnet (PM), reluctance, or windings Simple Efficient, not self-starting Doubly-fed induction machine (DFIM) [131] 3-phase AC Separate, 3-phase AC coils Simple Speed control, generally requires slip-rings Brushless DC motor [19, 108, 132, 46, 133] Multiple DC coils Permanent magnet Complex Less suitable for generation Switched-reluctance machine (SRM) [134, 17] Multiple DC coils Soft magnetic material (reluctance) Complex Good high-speed and high-heat performance
Lightweight and efficient power conversion (including inverters and rectifiers) is an evolving research area. A detailed discussion of the operating principles of power converters is beyond the scope of this review, but the major design choices being explored include semiconducting materials and cooling systems. Jansen et al. provides an up-to-date summary of NASA-funded power conversion research [27] . A table summarizing estimated specific power and technology readiness of many kinds of electrical components is included in [92] . For megawatt-scale converters, NASA envisions p i/r ratings between 19-26 kW/kg and efficiencies above 99% [27] . The NAE committee projects p i/r of about 9 kW/kg by the N+3 generation [10] .
At high power levels, large amounts of waste heat are generated with even highly-efficient conventional electronics. Freeman et al. pointed out the memorable fact that a half-megawatt motor operating at a state-of-the-art 95% η m produces as much waste heat as a barbecue grill [119] ; therefore, superconducting motor/generators, power electronics, and conductors have been proposed as a way to raise efficiency and greatly reduce the thermal management problems introduced by megawatt-scale electric propulsion systems. Superconducting materials exhibit zero resistance at low operating temperatures, greatly reducing or eliminating Joule heating. For example, superconducting stator windings in motors and generators may improve efficiency substantially but incur penalties for other reasons (such as eddy current losses and fault currents) [90, 95] . Conceptual trade studies so far have favored superconducting architectures for very high-power applications (such as the 300-passenger NASA N3-X) and conventional conductors for megawattclass requirements and below (such as the 150-passenger NASA STARC-ABL) [56, 27] . We discuss thermal management in more detail in Section 6.
Batteries
An electrochemical cell "converts stored chemical energy into electrical energy via the energy difference between the reactions occurring at the two electrodes" [135] . A battery is a practical electrical energy storage device consisting of one or more cells connected in series and/or parallel in order to provide desired output voltage, capacity, and power.
An important parameter in the design and operation of battery-powered devices is the C-rate [136] :
where I(t) is the charge or discharge current (in A) and C nom is the nominal charge capacity of the battery (in Ah). At a 1C discharge rate, the battery will be fully discharged from nominal capacity in one hour. The rated maximum power of a battery is directly proportional to the maximum C-rate. A high C-rate is desirable from an operational perspective, as it enables rapid recharging (and less downtime). Two related metrics are the state of charge (SOC), which measures the percentage of charge capacity remaining, and the depth of discharge (DOD) which is simply 1 − SOC [136] .
Each battery design has a characteristic voltage profile as a function of DOD. For lithium-ion batteries, voltage decreases slowly until a precipitous drop at about 90% DOD. Discharging past a threshold DOD (specific to the battery design) can cause shortened lifetime and/or thermal runaway; maximum DOD of 80% is typical in the literature (e.g., [137, 23, 138] ).
At higher discharge rates, internal resistance in the battery becomes significant, and the output voltage will be reduced; therefore, high discharge rates (high power) result in lower total useful energy [136] . The curve of p b versus e b is called a Ragone plot, and it is specific to the cell design/chemistry and pack design. Xue et al. show Ragone curves for Li-ion cells optimized for different C-rates (Figure 8 ) [139] . Vratny et al. contains a related plot of battery "efficiency" (e b,act /e b,0C ) as a function of C-rate [136] .
Cell chemistry significantly contributes to battery characteristics. In general, batteries contain a positive electrode (cathode), negative electrode (anode), electrolyte, and various other inactive materials for binding, insulation, and other necessities. Li + ions are currently favored as a charge carrier because of high potential and light weight [135] . The theoretical upper limit on cell-level specific energy is determined by the electrochemical reaction; however, practical considerations ensure that the actual e b is lower than the theoretical maximum.
Xue et al. discuss the tradeoff between high specific energy and high specific power [135] . At the cell level, densely-packed active materials result in high e b , but the resulting low porosity and conductivity limit the C-rate (and therefore p b ). For a given cell chemistry, a Pareto front exists between specific energy and specific power when considering detailed cell design parameters (Figure 8 ). Adding inactive materials is also required in order to prevent degradation of e b over repeated charge/discharge cycles. Each of these factors causes actual cell specific energy to fall below the theoretical value. At the battery pack level, practical design considerations introduce additional parasitic weight (such as spacing/cooling to contain cells in thermal runaway and battery control electronics [87, 140] ).
Battery modeling in conceptual aircraft studies often assumes a fixed pack-level e b and p b with constant battery efficiency factor (e.g., [16] ). This approach may be appropriate for long-term advanced technology studies where detailed discharge characteristics of the battery technology are unknown. A higher level of fidelity considers discharge rate effects by constructing an "equivalent circuit" model of the battery. The battery model consists of an internal resistance and possibly capacitance determined from empirical data (e.g., [17, 136, 141, 142] ). Equivalent circuit models introduce a power-dependent battery efficiency factor and create coupling between mission analysis, control strategy, and vehicle weights. Physics-based models considering internal cell design variables have been used to explore coupling between vehicle design and optimal cell design [143] ; however, physics-based cell modeling introduces significant computational cost and has not yet been coupled to an aircraft design problem. Avanzini et al. contains a detailed procedure for empirical modeling of a particular battery pack [144] .
Electrical System Trades
Key trade studies for an electric propulsion system include the choice of alternating current (AC) or direct current (DC) in the distribution buses, the nominal system operating voltage, and whether to utilize constantvoltage or variable-voltage DC power for battery-fed hybrid-and all-electric systems. Vratny et al. studied constant and variable system voltage (CSV/VSV) in a hybrid system and concluded that VSV was more efficient overall [145] . High system voltages may be more efficient but incur a weight or safety penalty due to the risk of electrical arcing at high altitude [145, 92] . Paschen's Law dictates that air gap insulation is safe below 327V, no matter the air density or pressure; therefore, current commercial airplanes restrict electrical bus voltages to 270V or below for intrinsic safety. Electric propulsion concepts will require higher operating voltages in the low kV range, necessitating investment in highly durable and lightweight insulative materials [92, 146, 27] .
The literature currently favors DC power distribution, particularly for any application involving the use of batteries but also for high-power turboelectric (e.g., [57, 17] ). DC power distribution eliminates the need to synchronize the phases of multiple electrical generators and motors and simplifies "throttling" for distributed propulsion applications, but it incurs weight and efficiency penalties due to AC/DC conversion on both ends [147] . Each unit of rated motor power requires an equal unit of inverter and rectifier power, plus redundancies for system safety. Using the p e estimates given above, this means that the weight of the power electronics will be on the order of or even heavier than the motors themselves. Regardless, since batteries operate on DC, there is no need to rectify the power; therefore, where electric energy storage is used, DC power distribution will be more favored [148] . An alternative AC power distribution scheme for a turboelectric configuration was devised by Sadey et al. [131] and utilizes doubly-fed induction machines similar to wind turbines. Figures 2c and 2d illustrate the more common DC distribution architecture.
For hybrid electric applications involving turbofans, shaft power may be taken off from the low-pressure and/or high-pressure spool. While the high-pressure spool rotates over a narrower range of speeds, operability characteristics of the engine limit the amount of shaft power that can be extracted [13] . United Technologies and GE independently announced successful demonstrations of near-MW scale power offtakes from lowpressure spools [149, 150] .
Thermal Management
While electric motors are more efficient at generating shaft power than turbine engines, turbines exhaust nearly all the waste heat into the ambient air. Because electrical components are located within the aircraft interior, ambient cooling is not sufficient to keep conventional (non-superconducting) electronics at their operating temperature. Superconducting electrical power systems eliminate resistive heating but introduce a different problem: keeping high-temperature superconducting (HTS) materials sufficiently cold compared to the ambient temperature. Both technologies will require thermal management systems.
ESAero has published most extensively on thermal management of conventional electrical machines. Freeman et al. describe the general EP thermal management design problem, analysis methods, and solutions [119] . These methods were used to design and analyze the ECO-150R [67] . The ECO-150R produces nearly 1.5 MW of waste heat at the critical top-of-climb condition. The authors describe the design and analysis of a recirculating liquid cooling system with a ram-air radiator. The radiator is designed to use heated air to generate some useful thrust to offset the radiator drag (the Meredith effect). This feature was first implemented on the North American P-51 Mustang. Including the Meredith effect, the direct cooling system contribution to drag was around 2%-3% at cruise, and the total cooling system was 20% of the weight of all the power electronics and motors.
United Technologies created a parallel hybrid GTF engine concept, including a sized liquid cooling system [151] . The critical condition was on a hot day prior to takeoff; a fan was required to pull cooling air through the radiator duct until sufficient ram air became available in flight. The authors concluded that once weight and drag increases from the TMS were included, the concept was not competitive with a conventional GTF. The paper includes a design sensitivity of TMS weight with maximum battery temperature; heat-sensitive batteries require more cooling power and weight. A Rolls-Royce/Georgia Tech study of an parallel hybrid engine similarly identified the challenge of cooling the batteries, and that the TMS was most challenged prior to takeoff [142] . Vratny et al. present analytic equations for conceptual design of an electric aircraft TMS, including a rough consideration of liquid coolant properties (density, viscosity, and specific heat capacity) [145] .
Several recent NASA design studies included thermal management considerations for non-superconducting architectures. Two conceptual weight estimates have been published. Jansen et al. estimate that the X-57's TMS will be 5% of the overall electronic weight (including the battery) [152] . The latest STARC-ABL assessment includes TMS weight equal to about 6% of the weight of the power electronics (not including a battery) [55] .
More detailed NASA study results have also been published for the X-57. Clarke et al. describe wire design trade studies including resistive heating considerations [52] . Schnulo et al. [153] describe design and analysis of a flow-through air-cooled motor and inverter. Falck et al. [141] describe trajectory optimization subject to thermal constraints; the study found that X-57's air-cooled motors reach temperature limits and constrain the climb rate. The heat exchanger area can be reduced significantly if climb rate requirements are relaxed.
Unlike conventional electronics, superconductors require extremely low operating temperatures -20 K to 60 K. In exchange, Joule heating and resulting diffuse waste heat from a conventional electrical system is virtually eliminated. Superconducting thermal management has been most extensively explored through the NASA N3-X study. The proposed architecture uses a reverse Brayton cycle cryocooler, where shaft power from engines or electric motors cools a working fluid to cryogenic temperatures. Brown [90] included cryocooling requirements in the tabulated efficiency and specific power of individual electric machines; however, the analysis does not account for heat leaks, which may be very significant due to the large temperature differential. The N3-X propulsion system, including electrical machines and TMS, is expected to increase fuel burn by about 6%, before accounting for advantages enabled by turboelectric propulsion.
Berg et al. [100] conducted a broad superconducting TMS technology sensitivity study which produced less favorable results. While Brown reported end-to-end propulsion losses of approximately 2%, under Berg et al.'s most optimistic technology assumptions, cryocooling requirements alone account for 2% power loss. They identify several key technology parameters which influence the viability of a superconducting propulsion system: machine "cold" inefficiency (superconductor AC losses), cryocooler power density, cryocooler compressor efficiency, cable mass per meter, machine specific power (motor/generator), maximum superconductor operating temperature, and cryogen tank weight. Berg et al. conclude that, due to very low operating temperatures of foreseeable superconducting materials, "pre-cooling" using cryogenic fuel, such as liquid methane, will be necessary for the viability of an HTS turboelectric propulsion system.
The National Academy consensus report [10] summarizes technical challenges with cryogenic power systems, including cryocooler weight, inability to handle transient loads, and difficulty with voltage regulation; thus, the committee does not expect that "cryogenic power generation or power distribution will be ready for incorporation in an aircraft propulsion system within [a] 30-year time frame."
Modeling, Simulation, and Optimization
Design optimization is an increasingly important tool in advanced conceptual aircraft design, and performing optimization requires integrated modeling and simulation capabilities. While individual simulation capabilities have been addressed in previous sections, the intent of this section is to discuss major, multi-year modeling efforts and describe the level of fidelity of unified simulation frameworks.
One published optimization environment for design of electric fixed-wing aircraft is ESAero's software, which has been known by the names HAPSS, DOETech, TOGW Framework, and PANTHER over the last decade. The general capabilities and architecture of these tools have been published (e.g., [67] ), but the software itself is proprietary. The PANTHER tool has at least been used for analysis and to generate tradespace contour plots, but it is unclear whether an airplane-level multidisciplinary design analysis and optimization (MDAO) capability has been implemented. Numerical optimization has been used to design a Meredith effect radiator [67] .
Another known, unified framework is the Georgia Tech GT-HEAT framework [154] . This is a propulsionfocused model: All components, even electrical models, are implemented in NPSS. This modeling framework has good fidelity in propulsion and electronics but lacks important capabilities in aerodynamics, structure, and cost modeling. Optimization was conducted using a design of experiments (DOE) and surrogate modeling methodology [155] .
NASA has been developing modeling, simulation, and optimization capabilities for the X-57, N-3X, STARC-ABL, and PEGASUS studies, mostly at conceptual levels of fidelity. Capristan and Welstead introduced the LEAPS software package, designed as a replacement for NASA's FLOPS mission analysis software but supporting distinctive features of aircraft EP (including mixed electric and fuel-burning propulsion and independent throttling). LEAPS uses energy-based methods to provide low-fidelity, low-cost estimates of somewhat optimized mission trajectories [156, 157] .
Basic MDAO capabilities were implemented to guide NASA studies (e.g., [51, 141] ). More recently, Hwang and Ning [158] developed a medium-fidelity optimization tool for vehicles similar to the X-57, incorporating blade element momentum theory propulsion modeling, vortex lattice aerodynamic analysis, finite element structural sizing, automatic derivatives using the adjoint method (to handle hundreds of design variables), and full mission analysis; however, thermal modeling was not included.
Falck et al. [141] demonstrated the need for modeling thermal constraints when trajectory optimization is considered. The tool was implemented in OpenMDAO to facilitate gradient-based optimization and computation of derivatives [159] . Despite significant progress on particular studies, there is no single NASA optimization environment for electric propulsion trade studies, and high-fidelity analysis has not yet been incorporated.
Gray et al. [160] conducted high-fidelity aeropropulsive shape optimization of the STARC-ABL's aft tailcone propulsor. A Reynolds-averaged Navier-Stokes (RANS) CFD solution was fully coupled to a 1-D thermodynamic cycle model using the OpenMDAO framework. This combination enables direct physical modeling of boundary-layer ingestion. The flow solver and thermodynamic cycle model both provide efficient derivatives, enabling the use of a coupled adjoint method to compute total derivatives and perform optimization with respect to hundreds of geometric design variables. This is the first published shape optimization of a hybrid electric aircraft using high-fidelity CFD, but the scope of the MDAO problem was limited to the region of the aft tailcone propulsor; a full-airplane optimization has not yet been conducted.
The fully coupled aeropropulsive optimization found that the fuel burn reduction contribution from BLI was attributable to both aerodynamic effects and propulsive effects (8 to 12 counts from aerodynamic drag; 16 effective counts from propulsion). The analysis also found that aft body aerodynamic drag was very sensitive to propulsive design variables (such as fan pressure ratio). Optimizing the configuration as a multidisciplinary coupled system led to a significantly different (better) optimum design point than an uncoupled analysis. While such multidisciplinary coupling will manifest in ways specific to each configuration, this case study illustrates the benefit of using high-fidelity, coupled modeling for analysis and optimization in order to maximize the benefit afforded by electric propulsion.
Bauhaus Luftfahrt developed simple low-fidelity methods and conducted broad tradespace exploration studies; unlike all other studies, cash operating cost was considered as an optimization variable [25] .
The electric VTOL literature on modeling and simulation may also apply to fixed wing applications in some cases. The Boeing team of Duffy et al. developed an MDAO framework for sizing and tradespace exploration of small eVTOL aircraft. The paper includes a simple methodology for operating cost modeling for electric aircraft, including some low-fidelity estimation of cost savings due to increased reliability [161] . A similar approach was used by Brown and Harris [162] . The Airbus Vahana team posted an open-source conceptual design tool with MDO capability on the web, but has not published on the work in a scholarly forum [163] .
A summary of modeling and simulation capabilities, by discipline and project, is shown in Table 6 . The cells are color coded to indicate the authors' assessment of the relative level of fidelity, where red represents the lowest fidelity, and green represents the highest achieved fidelity. It is worth remembering that advanced modeling and simulation capability probably exists in trade secret form within industry, so the published literature may present an incomplete view of the state of the art in electric aircraft modeling. [51] , sized beam model [158] WATE for propulsion flowpaths; tops-down kg/kW estimates for electrics/TMS [90, 91] WATE for fan weight [81] ; low-fidelity radiator model; tops-down empirical for all others Semi-empirical structural methods; topsdown kg/kW methods for electrics [20] GNC Engine, motor, TMS control variables for onand off-design analysis
Full-mission optimal control [141] NA; some discussion of off-design conditions in [57] NA NA
Electrical
Moderate fidelity motor/inverter loss modeling; equivalent-circuit battery Transient battery model based on Thevenin equiv. circuits (celllevel). Assumed efficiencies for wire/motors [141] Conceptual: efficiency stackup method with estimates for future tech. Transient: RLC circuit model in SimPowerSystems [90, 95] Efficiency stackup; battery model unclear Low-fidelity efficiency stackup with empirical battery discharge curve [20] Turbo/Propulsion NPSS Propeller map from manuf.; prop efficiency from theory [141] , blade element momentum theory [158] NPSS [59] 2D fan analysis using velocity triangles [81] ; efficiency maps for turbomachinery
Single prop efficiency parameter [20] Thermal TMS sizing considering various heat sources and types of heat sinks
Analytical model for optimization; thermal FEM of motor [141, 153] Coolant system load based on efficiency stackup (assume 100% to heat) [90] Cooling based on flight cond. [79] ; TMS model discussed in [ 
Conclusions
The design of economically-viable fixed-wing electric aircraft demands high technology and highly integrated design. It is widely known that specific energy of batteries (e b ) and specific power of electronics (p e ) strongly impact aircraft capabilities. Battery and electronics unit costs also influence aircraft acquisition cost. Driven by investment from the automotive industry, the performance and cost of these components should improve over time. The aerospace industry should monitor developments and independently invest in adapting the technology to meet aerospace-specific design requirements. Regardless, the technological barriers to aircraft EP remain challenging. The NAE consensus report [10] finds that "turboelectric propulsion systems are likely the only approach for developing electric propulsion systems for a single-aisle passenger aircraft" feasible by the N+3 (2035) time frame, due primarily to limited advancement in e b . Studies at smaller power scales and ranges are more optimistic.
As Moore and Fredericks [83] argue, the practical and economic viability of electric aircraft is also determined by the effective use of the additional degrees of design freedom opened through electrification. This is corroborated by findings (e.g., [151] ) that more-electric propulsion is not effective as a drop-in replacement for existing combustion engines. The design space for electric aircraft is still poorly understood due to the very limited diversity of designs with service experience, the small number of well-developed trade studies, and the many configuration degrees of freedom.
Opening the design space, particularly for propulsion architecture, requires constant evaluation of safety and regulatory compliance. Electric propulsion potentially eliminates longstanding risks such as combustible fuels, but also introduces new and potentially unknown risks. Intelligent systems architecting can take advantage of EP capabilities to meet safety requirements in new ways; however, innovative ideas may require regulatory acceptance before they become feasible for use in particular applications (such as powered lift for commercial aircraft certified by the FAA).
Modeling, simulation, and optimization are promising ways to rigorously explore the design space. Highfidelity, multidisciplinary design optimization of a commercial aircraft has been demonstrated [165] . MDAO, typically at lower fidelity, has been demonstrated and used for industrial design [166, 163] . A use case for optimization of electric aircraft involves exploring uncertain technological inputs (such as e b ). To examine the robustness of a design concept with respect to assumed future technology levels, several optimizations can be conducted with varying values of e b . At each point, novel design constraints (such as thermal management) are enforced by the optimizer. This provides for a fair comparison between concepts with different input assumptions; however, challenges and capability gaps currently stand in the way of using optimization for electric aircraft. These obstacles are caused by two factors: a lack of historical data, and the strongly-coupled nature of aircraft EP.
Several of the capability gaps result from lack of experience and historical data on electric aircraft. Models adapted from conventional aircraft may be inapplicable to innovative configurations. Wind tunnel and flight test data is limited or nonexistent, so new empirical models for the most expensive physics (e.g., highlift prediction for distributed propulsors) cannot easily be constructed. We are also lacking comprehensive operating cost models for electric aircraft. To understand the economic case for aircraft EP, we must also quantify the effect of electrification on acquisition, operational reliability, and maintenance.
Compared to conventional aircraft design, the electric aircraft design problem is likely to be more strongly coupled between disciplines. To date, study authors have tended to explore configurations that introduce interdisciplinary coupling. For example, the high-fidelity aeropropulsive optimization of Gray et al. [160] demonstrated the coupling between aerodynamics and propulsion for the STARC-ABL. The ECO-150R study [67] illustrated coupling between electrical, propulsion, thermal management, and aerodynamics disciplines. Novel thermal constraints are also time-and path-dependent, requiring trajectory analysis and potentially trajectory optimization tightly coupled with the rest of the aircraft design optimization problem [141] . As the number of closely-coupled disciplines grows, the complexity of the analysis environment also grows.
To address these challenging problems, a fully-coupled, high-fidelity MDAO tool for electric aircraft design should be developed. In addition, design under uncertainty techniques should be supported to account for uncertain future technology levels. No industry, government, or academic team has publicly acknowledged the development of such a tool at the time of this publication. The full MDAO problem, including economic and safety analysis, remains a formidable open challenge.
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